Background: It is debatable whether or not glucocorticoid receptor (GR) polymorphisms moderate susceptibility to PTSD. Our objective was to examine the effects of stressful life events, social support, GR genotypes, and gene-environment interactions on the etiology of PTSD. Methods: Three tag single nucleotide polymorphisms, trauma events, stressful life events, and social support were assessed in 460 patients with PTSD and 1158 control subjects from a Chinese Han population. Gene-environment interactions were analyzed by generalized multifactor dimensionality reduction (GMDR).
Background
Post-traumatic stress disorder (PTSD) is an anxiety disorder which can develop as a result of exposure to a traumatic event. Although epidemiologic investigations have indicated that the majority of individuals exposed to traumatic stress will experience some kind of transient distress, only a relative minority of trauma-exposed individuals go on to develop PTSD [1, 2] . This suggests that the heterogeneity of the effects of trauma could in part be mediated by several environmental risk factors, including pre-, peri-, and post-traumatic stressful life events [3] [4] [5] . The associations between PTSD and these stressful life events have been examined in several studies. For example, two prospective cohort studies involving the World Trade Center disaster showed that higher numbers of negative life events experienced before and after 9/11 were associated with PTSD among New York City adults and rescue, recovery, and clean-up employees on September 11, 2001 [6, 7] . In several other prospective studies involving combat-related PTSD, pretraumatic life events, such as multiple deployments, preparedness, unit cohesion, and post-traumatic life events (e.g., job loss, serious illness, and relationship and social difficulties) were predictors of PTSD onset [8] [9] [10] [11] . However, social support is considered to be a protective buffer against the development of PTSD. Evidence from several cohort studies also confirmed that social support buffers the negative impact of exposure to trauma, and the presence and severity of the various PTSD symptoms may be moderated to some extent by social support [4, 7, 8] . These results seem to confirm that successive or cumulative exposure to stressful or adverse events weaken one's coping ability, increase the stress -responsiveness of the HPA axis and psychological vulnerability to trauma, and therefore increases the risk for PTSD; perceived and embedded social support may influence an individual's subjective appraisal and his/her negative internal or external responses to a traumatic event [12] .
Apart from these environmental risk factors, genetic factors also play an important role in determining susceptibility among those who have experienced trauma. Twin and family studies have consistently shown that the heritability of PTSD is approximately 30-40% [13] [14] [15] . Candidate gene and genome-wide association studies have also implicated genes in the dopaminergic system, the hypothalamic-pituitary -adrenal (HPA) axis, the locus coeruleus-noradrenergic system, and those encoding neurotrophins directly regulating PTSD [16, 17] . A recent review by Zoladz et al. [18] indicated a significant interaction of these genes with environmental factors, such as poor socioeconomic conditions, childhood adversity, low social support, and prior trauma that have previously been shown to significantly increase one's likelihood of developing PTSD. The findings have revealed that specific genetic polymorphisms appear to increase PTSD susceptibility in individuals who experience the appropriate "disordertriggering" situations.
The HPA axis is the major constituent of the neuroendocrine response to acute and chronic stress. Increased negative feedback of glucocorticoids (GCs) on the HPA axis is often considered as one of the hallmark biological correlates of PTSD, although cortisol alterations in PTSD are complex and somewhat inconsistent [19] [20] [21] . The increased sensitivity of the HPA axis, including altered baseline cortisol levels and an increased sensitivity of the GR, can also be induced by adulthood trauma exposure independent of PTSD [22, 23] . The increased sensitivity of GRs and the receptor expression may be a consequence of specific genetic backgrounds associated with GR genotypes [24, 25] . Although a number of studies have also shown that GR polymorphisms are associated with changes in GCs sensitivity or altered cortisol [24, 26, 27] , few studies have indicated that PTSD is associated with the presence of single nucleotide polymorphisms (SNPs) in genes associated with GR. Individuals with PTSD after intensive care therapy who carried the homozygous G-allele of the BclI SNP (rs41423247) had more severe PTSD than non-carriers or heterozygous carriers [28] . Another study by Bachmann et al. [29] showed that the N363S and BclI GR polymorphism frequencies were not significantly more frequent between PTSD patients and control subjects. However, the findings are difficult to interpret due to the small number of subjects with PTSD and a BclI GG genotype in the study.
Additionally, one recent prospective study by van Zuiden et al. [24] examined military deployment representing pre-existing vulnerability factors for development of PTSD symptoms. Specifically, a significant interaction between the effect of the GR haplotype (BclI) and a high level of childhood trauma was associated with a higher GR number. Participants who carried the G allele and reported a high level of childhood trauma also appeared to be at increased risk for development of PTSD symptoms, although this effect failed to reach statistical significance. Clearly, further research is required to explain the basis for such disparate findings.
Although research has highlighted a role for both environmental factors, including trauma and stressful life events, and the GR gene in the development of PTSD, no investigations have specifically examined the role of the interaction between these environmental factors and GR gene polymorphisms in the etiology of PTSD. On the basis of the above data, we hypothesized that vulnerability to trauma events is accentuated by stressful life events, social support, and variation in GR, which may result in an increased risk for PTSD. We aimed to elucidate the following: i) the main effect of the GR gene, stressful life events, social support, and trauma on PTSD; ii) the interaction between GR polymorphisms associated with PTSD; and iii) the potential interaction among GR gene variants and these environmental factors on PTSD.
Methods

Subjects
Six hundred forty patients with PTSD were recruited from the Department of Psychiatry, First Hospital of Xinjiang Medical University and Xinjiang Mental Health Center, Xinjiang, China, between January 2011 and October 2012. A total of 2000 healthy subjects were also selected randomly from local community samples as controls. All the subjects were of Chinese Han origin and unrelated inhabitants of northern China. All patients were interviewed by at least two trained psychiatrists using the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) criteria for PTSD [30] . To meet PTSD criteria, these patients satisfied (1) DSM-V Criterion A event, (2) at least one symptom of Criterion B, (3) at least one symptom of Criterion C,(4) at least three symptoms of Criterion D, (5) at least three symptoms of Criterion E, (6) duration of at least one month (symptoms in Criteria B, C, D and E), and (7) significant distress or impaired functioning in their personal life, relationships, work or school due to these symptoms. The patients with the following conditions were excluded, including a history of head trauma, organic brain syndrome, psychosis or bipolar disorder, or dependence on substances other than alcohol and nicotine. All the control subjects underwent structured clinical interviews to exclude those who had any current or previous psychiatric disorders, or who had a family history of psychiatric or neurological disorders, or who were alcoholics or drug abusers. Because the purpose of the present study was to explore the factors affecting the risk for PTSD when individuals face traumatic events, it was determined whether or not all of the control subjects had witnessed or experienced traumatic life events using the Chinese Traumatic Life Events Questionnaire (TLEQ). Respondents who had no traumatic experiences were excluded; finally, 1158 subjects were interviewed for the study. The description of the case and control groups is shown in Table 1 . All participants provided written informed consent. The study was approved by the Ethics Committee for Xinjiang Medical University and Xinjiang Mental Health Center.
Trauma exposure
The Chinese TLEQ was used to assess the history of exposure to 22 different types of traumatic experiences that meet the DSM-IV PTSD criterion A1 definition of trauma [31] . The traumatic events include childhood physical and sexual abuse, combat exposure, motor vehicle accidents, natural disasters, and adult sexual and physical assault. The measure also assesses whether or not the experience meets the DSM-IV PTSD criterion A2 and asks the respondent to indicate the number of times each event occurred on a 7-point scale ranging from "never" to "more than 5times". Participants also identified their "worst" trauma from the list of trauma types included on the TLEQ. The TLEQ has shown good test-retest reliability and predictive validity with respect to PTSD diagnoses [31, 32] . The number of traumatic events experienced was categorized into quintiles of approximately equal size (1, 2 to 5, 6 to 9, and ≥10) to facilitate further analysis. Participants were asked whether, by age 13, they had witnessed or experienced a violent crime, had been sexually abused, or had been physically abused. Endorsement of any of these adverse childhood experiences was coded as positive for exposure to childhood trauma.
Stressful life events
Stressful life events were assessed using the life events scale (LES) developed by Yang and Zhang [33] , in which a total of 48 items are classified into 3 categories, including family life (28 items), work problems (7 items), social interactions and other aspects (7 items). The LES has been widely used in a Chinese population. These events encompass serious illnesses, housing, relationship, and social difficulties, relationship breakups, unemployment, and financial crisis. This scale indicates that change in one's life requires an effort to adapt, then an effort to regain stability. The questionnaire has demonstrated high reliability and validity and was widely used in Chinese social research [34, 35] . This scale assessed the following four aspects of negative life events: the time of occurrence of life events (absent = 1, 1 year earlier = 2, within the last 1 year = 3, chronicity = 4); character of life events (good = 1, bad = 2); influence of mind (absent = 1, mild = 2, moderate = 3, severe = 4, extreme = 5); and duration of influence (≤3 months = 1, 3-6 months = 2, 6-12 months = 3, >12 months = 4). The 75% percentile (a score of 32) in the sample was used as a cut-off value for grouping the moderate and severe levels of stressful life events [35] .
Social support
Social support was measured with the Chinese Social Support Rating Scale (SSRC) [36] , which consists of a total of 10 items with 3dimensions (objective support [three items], subjective support [four items], and the use of social support [three items]). The Crohnbach's α coefficient was 0.81 and test-retest reliability was 0.92 [36] . Each of the 10 items was classified into four grades, ranging from completely disagree (1 point) to completely agree (4 points). Therefore, the higher the scores were, the higher the degree of social support. A total score <33 characterizes low social support, 33-45 equates to moderate social support level, and scores >45 equate to high social support [36, 37] .
Marker selection
SNPs within the GR gene were selected from dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and the Hap-Map database (http://www.hapmap.org), of which the tagSNPs were defined by Haploview (version 4.0). The criteria for tagging were a linkage disequilibrium (LD) threshold (r 2 ) ≥ 0.8 and a minor allele frequency (MAF) ≥ 0.1. According to the most recent HapMap build (HapMap-Rel28August10 Build) among the Han Chinese in Beijing (CHB) population, 21 tagSNPs were selected. We further screened these tagSNPs on the basis of the reported role in central regulation of the HPA-axis and PTSD phenotypes [27] [28] [29] . Finally, only three taqSNPs (rs258747, rs41423247, and rs10482605) were selected for genotyping.
DNA sampling and genotyping
Genomic DNA was extracted from peripheral blood leukocytes using a Genomic DNA extraction kit. Genotyping was performed using multiplex SNaPshot technology with an ABI fluorescence-based assay discrimination method (Applied Biosystems, Foster City, CA, USA). The multiplex SNaPshot detection of single-base extended probe primers was based on fluorescence and extended length detected by capillary electrophoresis on an ABI3130XL Sequencer (Applied Biosystems). Six primers for SNaPshot extension reactions were designed by Primer3 online software (v.0.4.0; http://frodo.wi.mit.edu/primer3/) according to the reference sequences from dbSNP (http://www.ncbi. nlm.nih.gov/SNP). For quality control, a random sample of 5% of the cases and controls was genotyped twice by different researchers, with a reproducibility of 100%. The minor allele counts were compared with database (http:// www.ncbi.nlm.nih.gov/projects/SNP) and the data were matched well. Genotyping was performed blind to group status.
Statistical analysis
All genotyped SNPs were examined using chi-square (χ 2 ) goodness-of-fit test for genotypic distributions in Hardy-Weinberg equilibrium (HWE). The age of participants was analyzed as a continuous variable and tested using a t-test. The genotypic and allelic frequencies between the patient and control groups were compared by Pearson (χ 2 ) using SPSS for Windows (version17.0; SPSS, Inc., Chicago, IL, USA). Logistic regression models were used to examine the association between PTSD, stressful life events, and social support with adjustment for age. The linkage disequilibrium analysis between the patient and control groups was compared using the UNPHASED program (Dudbridge, 2003) . In addition, gene-gene and gene-environment (GxE) interactions were analyzed by multifactor dimensionality reduction software (MDR 2.0 beta 6), which is a free open source accessible at http://sourceforge.net/projects/mdr/. Previous studies showed that age may affect GR genetic effect on PTSD susceptibility; we included age as covariates in our GxE interaction analyses. All interactions were tested using 10-fold cross-validations in an exhaustive search considering all possible combinations. The model with the highest testing balance accuracy and crossvalidation consistency was selected as the 'best model.' Statistical significance was determined using a 1000-fold permutation test. To clarify the GxE results, we computed the (χ 2 ) and odds ratios (ORs) with 95% confidence intervals (CIs) to determine the set of risk factors. The significance level for all statistical tests was set at a corrected P-value of 0.05.
Results
The genotypic distributions of the three polymorphisms were all in HWE in the case and control groups, which suggests that no particular genetic selection of the study groups occurred. Allele frequencies in our sample were similar to those reported for Caucasians in HapMap except rs10482605 (MAF = 0.029).
The basic clinical characteristics of participants are shown in Table 1 ; the mean (SD) age of cases and controls was 37.87 (9.85) years and 34.47 (10.84) years, respectively. The most common event for PTSD patients was death of loved one (23.0%) followed by childhood sexual assault by adult (20.0%). The most common event in control group was death of loved one (17.9%). After adjustment for age, severe stressful life events were significantly associated with risk for PTSD. The OR of the effect of stressful life events on the risk of PTSD was 3.76 (95% CI = 2.04-6.71). Additionally, higher and moderate social support were protective for PTSD compared with lower social support with an OR of 0.45 (95% CI = 0.25-0.79) and 0.11 (95% CI = 0.06-0.19), respectively. It was also expected that the likelihood of developing PTSD increased as a function of the number of reported traumatic events. Individuals who had experienced > 5 traumatic events were 5-fold more likely to develop PTSD than those who had experienced ≤ 5 events.
Logistic regression analysis was conducted to test the associations between the three polymorphisms (rs10482605, rs258747, and rs41423247) and PTSD after adjusting for age. Significant differences in allele and genotype frequencies were detected between healthy control subjects and PTSD patients. As shown in Table 2 , we demonstrated that the presence of GG and GA genotypes and the G allele (rs258747) significantly reduced the risk of PTSD, while presence of the A allele and AA genotype was a positive factor with respect to disease risk. Subjects with the G allele and CG genotype (rs41423247) had an increased likelihood of PTSD compared with those with the C allele and CC genotype (OR = 1.29, 95% CI = 1.09-1.54). The rs10482605 is not associated with PTSD. In addition, we measured linkage disequilibrium by D ' and R 2 between the three polymorphisms using the UNPHASED program, which showed that the three polymorphism sites were not likely to be linked (R 2 < 0.8). The results of exhaustive MDR analysis evaluating the combinations of the three tested SNPs are summarized in Table 3 . The best combination for a potential interactive polymorphism in predicting PTSD was the rs258747 and rs41423247 combination. The testing balance accuracy for this two-locus model was 51.72% and cross-validation consistency was 10/10 (100%); an empiric P-value of < 0.01 based on 1000-fold permutations was obtained.
To explore the potential gene-environment interactions on PTSD, MDR analysis was used to search the association of the two SNPs with stressful life events, number of traumatic events, and social support. In the three-way gene-environment interaction model, the combination of stressful life events, traumatic events, social support, rs258747, and rs41423247 had the highest testing balance accuracy (51.72%) and cross-validation consistency (10/10) on the prediction of PTSD (Table 4 ). This suggests that highly stressful life events, a large number of traumatic events, and low social support under specific genotypes of the GR gene may increase the risk for PTSD. Although MDR analysis was able to identify the presence of an association among several factors, the results did not show detailed information about the interactions. We then used logistic regression analysis to determine the set of risk factors selected by MDR. The participants were divided into the following three groups: 1) high risk were those with a G allele (rs258747), G allele (rs41423247), highly stressful life events, a large number of traumatic events, and low social support; 2) low risk were those with an A allele (rs258747), C allele (rs41423247), moderate stressful life events, a small number of traumatic events, and high social support; and 3) medium risk was others. As shown in Table 5 , adults in the high-(OR = 3.26, 95% CI = 2.46-4.32) and medium-risk groups (OR ranged from 2.44 to 2.94) were significantly more likely to have PTSD that those in the low-risk group. Given the reported significant association between the timing of trauma exposure and PTSD in previous studies, we further analyzed the above interaction according to the timing of trauma exposure. Our population was divided into persons with childhood trauma and without childhood trauma. The results remained significant, and the odds ratios very similar to those reported in the total population, as follows: the high-risk group who experienced childhood trauma (OR = 3.33, 95% CI =1.99-5.57); and the high-risk group who had no childhood trauma exposure (OR = 3.26, 95% CI =2. 32-4.57 ).
Discussion
In this study, we explored the main and interaction effects of the GR gene, traumatic events, stressful life events, and social support on the risk for PTSD. Exposure to highly stressful life events, a large number of traumatic events, and low social support each independently increases the risk for PTSD on exposure to trauma. These results are consistent with the findings of Kolassa et al. [38] and Huang et al. [32] , who showed that higher numbers of different lifetime traumatic event types led to a higher prevalence of lifetime PTSD in a dose-response relationship, and individuals who had childhood adversity and adult traumatic events were more likely to develop lifetime PTSD compared with those who experienced either type of adverse event. Our study also confirmed the important role of social support in buffering or aggravating the effects of trauma events and other environmental stressors. Our study further suggests that this risk is heightened among individuals with risk alleles of the two SNPs (rs258747 and rs41423247) of the GR gene. Strong association between the combination of the two SNPs and PTSD in this study gives further evidence in support of the functional role of the GR gene in the development of PTSD. The rs41423247 polymorphism might affect the GR gene promoter by selectively acting on repressor or enhancer sites within the promoter, thereby altering GC sensitivity [39] . Previous studies have reported an association between SNP and increased sensitivity to glucocorticoids following a DEX-CRH test, a lower cortisol response after psychological stress [40, 41] , and more traumatic memories and major depressive disorders [28, 42] . Hauer et al. [28] observed that individuals who were homozygous carriers of the minor (G) allele of the SNP had more traumatic memories and lower plasma cortisol levels, and were at increased risk for development of PTSD symptoms after cardiac surgery, while homozygous G allele carriers had enhanced GR sensitivity and an increased number of GRs, which was a strong predictor of the presence of PTSD symptoms. In addition, Wüst et al. [43] showed strong genetic effects of the SNP variant on HPA-axis responsiveness in a male twin cohort. The SNP heterozygotes had high responses, both for cortisol and ACTH, following a psychological challenge than "wt-type" individuals. The altered baseline cortisol levels and increased sensitivity of the GR could reflect a pre-existing vulnerability, which increases the probability of developing PTSD following trauma exposure [23] . The rs10482605 SNP is a T/C polymorphism located in the promoter region of alternative exon 1C. The minor C allele (rs10482605) has lower transcriptional activity under unstimulated and different stimulation conditions (dexamethasone, forskolin, and phorbol 12myristate acetate) in vitro, and the haplotype between rs10482605 and rs6198 leads to relative GC resistance and increased GRbeta mRNA stability, which may significantly contribute to individual vulnerability for the development of major depression [27] . Kumsta et al. [44] reported that the variant C allele (rs10482605) showed reduced transcriptional activity in a reporter gene assay, and the C allele was also associated with recurrent major depression in a Belgian study [45] , thus suggesting possible functional effects of this SNP. There are no published data on the relationship between the SNP and PTSD. We did not observe a significant association between the SNP and the risk of PTSD in our Chinese Han sample, consistent with a previous study [46] , in which no relationship between rs10482605 and cortisol responses to psychosocial stress was found in a child psychiatric population. In addition, the frequency of the minor allele of the SNP in the present study (0.029) was lower than that among other African (0.075), Caucasian (0.183), Belgian (0.013), Swedish (0.090), and Mexican populations ((0.133); [45, 47] ). The ethnic differences in polymorphism frequencies might contribute to inconsistent results in genetic association studies.
Thus, we speculate that the polymorphism may not be involved in the pathophysiology of PTSD in the Chinese Han populations.
The rs258747 polymorphism is located in the 3′-flanking region, which is responsible for mRNA stabilization. Although no previous data have been published thus far in regard to PTSD, it has been reported recently that the variant is associated with the response to duloxetine in major depressive disorder and the response to lamotrigine in bipolar depression disorder [48] . We also found the rs258747 SNP is associated with PTSD. Moreover, rs258747 has been chosen as a tag SNP for the NR3C1 gene region and located in the large haplotype block [47] . The possible functional impact of the rs258747 polymorphism on NR3C1 function remains unsolved; however, it cannot be excluded that the SNP is located within the sequence involved in gene regulation. The other possibility is that this SNP is in strong linkage disequilibrium with other, functionally relevant variants causative for PTSD development. Our finding may also support the importance of the interactions between the two SNPs in the development of PTSD. The potential functional consequences of the investigated SNPs need further studies to understand the genetic factors underlying PTSD, as well as possible interactions between the GR gene and other plausible candidate genes.
The main finding of our work was that the GR variants interact with the number of traumatic and stressful life events and social support to predict PTSD; thus, the effect of trauma is different depending upon two SNPs (rs258747 and rs41423247), stressful life events, social support, and the number of traumatic events. The individuals with the G allele of GR rs258747, C allele of GR rs41423247, high level stressful life events, large number of traumatic events (>5 traumatic events), and low social support were at high risk for the development of PTSD. After dividing the trauma exposure into childhood trauma and non-childhood trauma, the GxE interaction remained significant. This finding is partially consistent with prior studies that have shown the GR genotype to be associated with risk for PTSD. A randomized controlled trial study by Hauer et al. [49] showed that a pre-operatively administered minimal cognitive behavioral intervention targeted to homozygous carriers of the G high-risk allele of the SNP rs41423247 reduces traumatic memories and posttraumatic stress disorder symptoms after heart surgery. In Dutch military personnel, the presence of the G allele of the SNP rs41423247, in combination with a high level of childhood trauma, was associated with a high GR number in PBMCs prior to deployment, which was identified to be a vulnerability factor for PTSD [26] . A prenatal GxE interaction of GR rs41423247 with maternal psychological symptoms could result in an increased risk of child HPA-axis dysfunction [50] . Although several previous studies highlight the importance of considering the GxE interaction when exploring the etiology of PTSD, few studies have reported other environmental factors in considering GxExE effects on the risk of PTSD, with the exception of the nature of trauma. Our findings give further evidence suggesting that HPA-axis related gene polymorphisms may modify the association between environmental factors and PTSD exposure to trauma. Therefore, future studies should be enhanced to explore not only the GxE relationship, but also the more complex GxGxE and GxExE for understanding genetics and environmental influences on PTSD. In comparison with these previous studies, the current study had several strengths that deserve mention. Instead of using PTSD symptoms as an outcome, participants were directly interviewed by trained interviewers, resulting in a reliable PTSD diagnosis. In addition, we examined a range of lifetime traumatic events with a reliable and validated instrument. These events covered most, but not all, trauma types known to cause PTSD . Nevertheless, interpretation of this study should consider the following limitation. The subjects in our study were all from the Chinese Han population; we cannot adequately generalize from these results to populations with different racial backgrounds. Thus, the findings will require further replication in other population with a longitudinal cohort study. Stressful life events, social support and childhood trauma data were collected retrospectively without using a structured interview, which may have resulted in recall bias. Although we analyzed the gene-environment interactions on the risk of PTSD in groups with childhood exposure and non-childhood exposure, the more complex GxExE including childhood trauma or other kind trauma events was not examined due to the small sample size. In the present study, we investigated only three tag SNPs; therefore, it is possible that other polymorphisms of the genes may be more important in determining susceptibility to PTSD. Future studies of this gene would also be strengthened by additional mapping and sequencing to identify functional variants, as well as gene expression studies.
Conclusions
We found evidence for a gene-environment interaction involving GR polymorphisms with the number of traumatic and stressful life events and social support, resulting in an increased risk of PTSD. These findings emphasize the potential cumulative effect of genetics and environmental factors on the probability of developing PTSD, and give further insight in possible mechanisms accounting for the differences in the individual vulnerability to PTSD.
